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ABSTRACT

Patient-Specific Finite Element Analysis for Mandibular Fracture Fixation
By: Ethan Snyder

Dr. Mohamed B. Trabia, Advisory Committee Chair
Associate Dean for Research, Graduate Studies, and Computing
University of Nevada, Las Vegas

This thesis proposes an approach for Finite Element Analysis (FEA) of mandibular
fracture fixation. Using a Computerized Tomography (CT) scan of mandible obtained from a
specific person, the material characteristics, density and modulus of elasticity, were determined
from a set of discrete points within the mandible that are 1mm spaced based on the Hounsfield
Units of these points. The mandible geometry was sectioned to simulate a fracture. Muscle and
mastication forces were added to replicate post-surgery loading. Using a standard linear
miniplate, this material model was compared with two commonly used mandibular cortical shell
bone models: isotropic and orthotropic. A modified V-shaped miniplate was fixed over the
fracture. A comparison of this V-miniplate to a standard linear miniplate typically used in
fixation under identical loading conditions was done to assess the veracity of the modified
design.
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CHAPTER 1
INTRODUCTION
1.1. Background
The mandible is one of the most commonly fractured facial bones as a result of
maxillofacial trauma. In isolated incidents, mandibular fractures constituted around 18% of
fractures seen in maxillofacial trauma [1]. Of the traumatic circumstances that produce these
injuries, the three most susceptible regions are the mandibular symphysis (19.2%), body (18.1%)
and angle (16.2%) [2]. It is interesting to note that 80% of those sustaining mandibular fractures
in the age group of 25 to 34 are males [3]. Assault and motor vehicle accidents are the leading
causes of fractures, accounting for approximately 50% and 25%, respectively [1]–[3]. Though
devices such as seatbelts and airbags have aided in reducing the potential for mandibular trauma
[4], surgical procedures still need to be optimized. New fixation devices are designed with
advanced materials and techniques, such as composites and 3D printing with the aim of
providing effective outcomes including, simplified and shortened operation times, as well as,
enhanced quality of life for those who do suffer from maxillofacial trauma [5].

1.2. History of Mandibular Fixation
Maxillofacial trauma involving the mandible can prove cumbersome to treat. Due to the
mandibular shape and thickness irregularity, several methods of fixation have been devised to
promote healing. Procedures to fixate the mandible have been prevalent since World War II,
introducing external clamp fixation [6]. This method consisted of keeping the mandible in a rigid
position with a series of pins extending through the skin, held together by a pre-bent rod. As
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expected, such an assembly was considered bulky, heavy, and unsightly in light of the fact that
much of the assembly was outside of the head, piercing the skin into the bone.

1.3. Current Fixation Standard
Since the development of ORIF, mandibular reconstruction has primarily incorporated
the use of titanium miniplates and screws in a technique called Open Reduction Internal Fixation
(ORIF). The mandible is fitted with an Intermaxillary Fixation (IMF) device, such as arch bars,
to keep the top and bottom teeth against one another, with an incision made about the fracture
location. This step is followed by reduction of the fracture using reduction clamps, and the use of
fixation miniplates to secure the bone fragments. Various types of these miniplates can be chosen
based on the severity and location of the fracture. Once the fracture is fixated, reduction clamps
can be removed and the IMF released [7]. This technique has largely become the benchmark
solution for most maxillofacial reconstruction, given the titanium miniplates have excellent
biocompatibility, are lightweight, and have a much smaller profile compared to the rigid external
fixation methods of the past [8]. However, the length of the ORIF procedure, as well as the
healing time, can be excessive depending on the severity of the trauma, with the average surgery
lasting several hours, the healing time taking upward of 6 to 8 weeks for severe trauma [9], [10].

1.4. Statement of Problem
While linear miniplates are the current gold standard for ORIF, they have some
limitations including the need to bend and twist them during the surgery to fit the contour of the
bones at the fracture location. This can be a slow process while the patient is under anesthesia.
When compared to intraoperative 3D printing of fixation plates, manual plate bending adds a
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significant amount of time to the procedure [11]. As mentioned, arch bars, wiring, and reduction
clamps are often necessary components prior to reduction of the fracture. When reduction clamps
are not an available option, skilled assistance is needed in order to maintain the favorability of
the fracture, such that the surgeon can fixate the fracture once it has been reduced appropriately
[12]. Other biocompatible materials have been proposed in contrast to surgical grade titanium,
such as nitinol (NiTi), to better match the stiffness of bone, helping to eliminate the possibility of
stress shielding as a result of stiff titanium plates [8]. Additionally, unique plate designs can
often accommodate fractures in more efficient manners, rather than applying multiple linear
plates to fixate a single fracture.

1.5. V-Plate Design
An alternate miniplate design to accomplish both reduction and fixation of the fracture
has been proposed. The V-plate has two arms, with an acute angle separating them, Fig. 1. These
arms are thin enough such that they can bend and contour more easily to the surface of the bone
when the surgeon drives the screws into the bone, Fig. 2. Standard monocortical screws are used
to fixate the plate at the base of the V on one side of the fracture, with a second screw driven into
the bone on the other side. Tensioning wire, typically made from stainless steel 316, is used to
reduce the fracture by way of wrapping the wire through a groove in the plate and the
monocortical screw on the opposite side of the fracture [13]. The surgeon reduces the fracture by
winding the wire to pull the bone fragments together, Fig. 3. Once the fracture has been reduced,
the fractured bone fragments can be fixated using the screw holes in each arm of the plate.
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Fig. 1. Original front and back view of V-Plate patent, US 20070156147A1 [14].

Fig. 2. View of V-Plate fixation step from patent US 8,617.221 B2,[15]; the plate is able to
contour to the mandible due to the force of the screws being driven into the bone.
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Fig. 3. Reduction process of fracture using stainless steel wire, [16].

1.6. Objective
A preliminary study to assess the suitability of the V-Plate design was conducted [17].
However, this work was limited as neither the muscle forces nor the screw tightening effect was
included. Therefore, the objective of this thesis is to propose a modified design to the V-Plate
that is comparable in fixation efficacy to the standard linear miniplates commonly used in
mandibular ORIF and to provide a comprehensive finite element analysis of this design. To
achieve this goal, this research presents a comparative study of three different mandibular
material models: isotropic, orthotropic, and density-based. These models were compared in the
case of a fractured mandible fixated by a single ORIF. Isotopic and orthotropic models were
applied to a cortical shell, which is a commonly used modeling technique that assumes
cancellous bone is comparatively soft and does not provide significant strength to the mandible.
On the other hand, the density-based model represented the whole mandible with both cortical
and cancellous bones. All three models were fractured along the right pre-molar region and
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subjected to a unilateral molar clench after a titanium miniplate implant was applied over the
fracture. Stress, strain, and deformation results of the three models were used to assess which
model produced the most realistic response. It was hypothesized that the density-based model,
built from the CT scan data, would be the most effective and realistic out of the three models.
Based on the results of this comparison, a discussion of the original V-Plate design is
presented along with the modifications made to yield the current proposed design. It was
hypothesized that a V-Plate design could produce comparable fixation results to that of a
standard linear miniplate, while being able to accomplish both fracture reduction and providing
the flexibility of fitting at various mandibular locations.
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CHAPTER 2
MANDIBULAR MATERIAL MODELS
2.1. Mandible Bone Composition
In general, bones are composed of outer cortical bone shell surrounding a cancellous
bone interior. The cortical bone shell has a higher density, providing most of the structural
stiffness and load bearing for bones, while cancellous bone ensures that the load is evenly
distributed [18]. The mandible tends to be an anomaly with respect to other bones. It has a
relatively irregular shape, with cavities along the top surface for teeth. Additionally, the
thickness of the cortical shell of the mandible varies across its contour of the bone, with an
average thickness of approximately 2.5mm [10,11]. There are four primary muscles attached to
the mandible that aid in mastication: the Masseter, Temporalis, Medial Pterygoid, and Lateral
Pterygoid [12,13]. Each of these muscles induce forces of varying magnitude and direction
throughout the daily functions of speaking or eating. In the case of a mandibular fracture, these
muscles will either separate or reduce the fracture, depending on the fracture location and the
direction of the muscle forces in proximity to the fracture.

2.2. Mandible Geometry
Three-dimensional mandible model of an adult male was reconstructed from Computed
Tomography (CT) datasets using in-house MATLAB® code [23]. The point cloud data with a
1mm spacing represented the x, y, z coordinates and gray scale values. The cloud contained
83,808 points, with the Hounsfield Units (HU) defined imported into MATLAB® for further
analysis, Fig. 4. A Solidworks-compatible file was also generated, which was based on the point
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cloud data, such that the geometry could be imported into ANSYS Workbench for further
analysis.

Fig. 4. Point cloud of Hounsfield Units (HU) for a mandible

2.2.1. Isotropic and Orthotropic Geometry Models
For the isotropic and orthotropic homogeneous models, only a cortical shell was used
with a 2.5mm thickness [19], [24], [25]. The space typically occupied by cancellous bone was
left as a void due to its assumed negligible contribution to load bearing. The cortical shell was
created by importing the Solidworks geometry into ANSYS SpaceClaim, where the outer surface
was shelled using a 2.5mm thickness into the mandible. However, this process created a body
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with far more facets than the original model. The facet count was reduced by 75% twice,
producing a rougher geometry with uneven facets. These facets were regularized with a 60°
angle threshold and a maximum edge length of 0.75mm; it was then converted into a solid body
with hollow interior, Fig. 5. Specified regions on the outer surface of the mandible where
muscles would be located were identified following the approach proposed in [26], [27]. These
regions were consistent for all tested cases.

Fig. 5. External shell of the mandible model used in the isotropic and orthotropic models,
converted into a solid body, along with a sectional view.

2.2.2. Density-Based Geometry Model
The density-based geometry accounted for both cortical and cancellous regions, requiring
no manipulation from what was described in Section 2.2.1.
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2.3. Mandibular Bone Material Models
2.3.1. Review of Proposed Mandibular Bone Material Models
In the following, a survey of different mandibular bone material models is presented.
Modeling mandibular cortical and cancellous bone as a linearly elastic, homogenous and
isotropic material is fairly common, [21], [22], [36], [37], [28]–[35], for the sake of
computational ease and due to lack of information. This model can speed up the simulations
allowing for parametric studies of fixation placement or evaluating various miniplate designs
[38], [39].
Though isotropic bone models are simple, they do not reflect the reality of mandibular
bones, whose properties are dependent on direction and location. This has been confirmed by
several techniques, e.g. traditional material testing techniques [40]. Experimental testing has
determined that three main regions (Lingual, Buccal, and Inferior) can be assigned orthotropic
properties, rather than creating multiple smaller volumes [20]. Recently, continuous-wave/phasecomparison technique, was used to measure elastic coefficients for an orthotropic stiffness
matrix of mandibles [41]. While an orthotropic model of mandibular bones can be more
reflective of experimental data, the use of these models is restricted by the limited number of
tested mandibles, especially those that are freshly harvested to avoid deterioration of the bones’
mechanical characteristics. Given the inhomogeneous nature of mandibular bones, each region in
the mandible has fairly different mechanical properties in addition to the different
principal directions. Orthotropic material models have been used by several researchers, [32],
[42]–[45]. Of particular interest are the methods developed in [22], where a total of twelve
volumes were created from a single mandible, each with a separately defined orthotropic model.
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However, it may be difficult for orthotropic models to represent the mandible accurately due to
irregularity of the mandible [46].
As described above, mandibular bones are inhomogeneous with compositions that vary
from one person to another. Creating either an isotropic or orthotropic bone material model that
fits any patient may lead to uncertainties. In recent decades, researchers have exploited data
collected from Computerized Tomography (CT) scans to develop bone material models by
incorporating Hounsfield Units (HU), a dimensionless unit obtained from CT scans, used to track
the radiodensity of an object [19, 20]. The relations between HU to the density and Elastic
Modulus of bone were developed to convert the HU into other mechanical properties [49]. These
equations to relate the CT scan data to the mechanical properties were used in conjunction with
one another to create a realistic, patient-specific material model [11,21].

2.3.2. Isotropic Mandibular Bone Material Model
For this model, the focus was exclusively on the cortical bone. Isotropic models are
characterized by constant Elastic Modulus ( ) and the Poisson’s ratio ( ). It was assumed that
the mechanical properties were homogeneous throughout the entire mandible. In reality, these
characteristics, vary due to biological factors such as age and bone thickness, as well as the status
of mandibular bone tested. Values reported in Table 1 reflect the variation of isotropic
mechanical properties for a mandibular cortical bone. Based on literature references listed in the
table below, it was decided to use the average values for Elastic Modulus and Poisson’s Ratio,
respectively:

= 13,700

and

= 0.3.
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Reference

Elastic
Modulus,
[
]
10,000
13,700

Poisson’s
Ratio,

[50]
0.30
[19], [20], [51],
0.30
[52]
[53]
14,800
0.30
[54], [55]
15,000
0.33
Parameters used
13,700
0.30
in this research
Table 1. Various reported isotropic properties of mandibular cortical bone.

2.3.3. Orthotropic Mandibular Bone Material Model
An orthotropic material is one whose mechanical properties vary depending on a set of
orthogonal directions. In Cartesian coordinates, orthotropic materials are defined using nine
elastic coefficients: elastic moduli (
Ratio values (

,

,

,

,

), shear moduli

,

,

, and Poisson’s

). These coefficients were determined by averaging values obtained

from Lingual and Buccal mandibular cortical bones, as listed in Table 2, [20]. The orthotropic
model was rotated such that it was properly aligned with the global coordinate system, mapping
the x, y, and z-axes axially, transversely, and anteriorly, seen in Fig. 6.
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Fig. 6. View showing orthotropic model aligned with global coordinate system.

Lingual

Buccal

Average

10,850
16,390
18,520

11,040
15,940
18,060

10,945
16,165
18,290

4,590
5,450
6,490

4,310
5,200
6,450

4,450
5,325
6,470

Elastic
Modulus,
[
]

Shear
Modulus,
[
]

Poisson’s
Ratio
0.138
0.138
0.138
0.332
0.294
0.313
0.338
0.322
0.33
Table 2. Orthotropic properties of mandibular cortical bone.
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2.3.4. Density-Based Mandibular Bone Material Model
A two-step process has been proposed [56] to relate HU to the material density, .
Density is then connected to the modulus of elasticity, E with an assumed constant Poisson’s
ratio of 0.3. The process is based on the following two equations:

= 114 + 0.916 ∙

(1)

.

(2)

= 0.51 ∙ ( )

The units of

and

were taken to be

/

and

, respectively. Using these

equations, each point was assigned a density and modulus of elasticity. The resulting densities
and moduli of elasticity mapped to the point cloud are shown in Fig. 7(a) and (b), respectively.
Fig. 7(c) depicts a cross-sectional view of the mandible to illustrate the variation in elastic
moduli between the cortical and cancellous bone. While using equations derived from literature,
one must inspect that the modulus of elasticity is in a reasonable range [0-25 GPa].
Analysis of the CT scan data was further explored to obtained extrema and central
tendency information, shown in Fig. 8 and Table 3 below, which shows that the elastic moduli
values for the isotropic and orthotropic models were 62% and 79% higher, respectively, than the
mean value of the density-based elastic modulus. These higher elastic moduli would make the
isotropic and orthotropic models stiffer. The maximum elastic modulus value of about 25GPa
reflects the high HU of the teeth region and not related to the cortical bone. A view of the teeth
roots can be seen, which was taken into consideration when choosing the miniplate placement.
Placing the miniplate in a more superior position would result in interference with these roots.
Therefore, the miniplate was placed more inferiorly to reduce this possible interference.

14

a)

b)

c)
Fig. 7. View of CT mandible point cloud with density [ / ] (a); elastic modulus [
and sectioned mandible point cloud showing roots of the teeth [
] (c).

15

] (b);

Fig. 8. Histogram of elastic modulus frequency from CT data.

Minimum Maximum Median Average
Elastic
339
27,455
8,748
8,445
Modulus,
[
]
Table 3. Extrema and central tendency of CT data.
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CHAPTER 3
COMPARATIVE STUDY OF EFFECT ON THREE MANDIBULAR BONE MODELS ON
MANDIBULAR FRACTURE FIXATION
3.1. Fracture and Miniplate
The mandible geometry for all models was sectioned along a plane near the molar region
as shown in Fig. 9(a). This section was chosen to simulate a simplified fracture vertically along
the body of the mandible. The fracture was located before the molar region, due to the high
likelihood of mandibular fractures occurring around this area, described in [3]. The Ti-6Al-4V
miniplate was attached to both sides of the fracture using four screws on the right inferior buccal
region of the mandible, fitted tangent to the right mandibular body; the screws were made of the
same material as the miniplate. The vertical placement of the miniplate was also considered,
residing near the inferior region of the mandible to avoid potential interference with the roots of
the teeth and the nerves. Screw holes were created to match the screws based on their tensile
stress area. As seen in Fig. 9(b) the screws in the density-based model were always in contact
with the bone. In contrast, the length of the screws in Fig. 9(c) were longer than the 2.5mm
cortical bone thickness.
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a)

b)

c)
Fig. 9. Mandible with a fracture and miniplate attached (a);cross section view of the
miniplate showing depth of screws in density-based (b); and shelled models (c).
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Linear miniplates and corresponding screws, commonly used in ORIF, were added, based
on [57]. A Ti-6Al-4V miniplate, with material properties listed in Table 4, was attached to the
mandible using four Ti-6Al-4V screws. The miniplate was 1mm thick and could be enclosed
within a 31.5x5mm rectangle. Dimensions of the screws are listed in Table 5, with a view of the
screw geometry shown in Fig. 10 below.

Density,
[ / ]
4405

Elastic
Modulus,
[
]

Poisson’s Tensile Tensile
Yield
Ultimate
Ratio,
Strength Strength
[
]
[
]
1.138E5
0.342
880
950
Table 4. Properties of Ti-6Al-4V used.

Overall Shank Threads Major
Head
length
Length per inch diameter Diameter
[
]
[
]
[
]
[
]
5
3.81
32
1.325
3
Table 5. Dimensions of Ti-6Al-4V screws.
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Fig. 10. Screw geometry used in the comparison analysis.

3.2. Meshing the Models
3.2.1. Isotropic and Orthotropic Material Models Mesh
As mentioned earlier, the same geometry was used for the isotropic and orthotropic
mandibular bone models. After performing mesh sensitivity and convergence checks, an average
0.25mm element size hex-dominant mesh was used for the miniplate and screws, while the
cortical shell mesh was built using a 1.5mm average element size tetrahedron mesh. A denser
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mesh with an average element size of 0.15mm was applied to regions where there was contact
between bone to screws and screws to miniplate. The finer mesh was used to accommodate load
transfer at these regions, Fig. 11. The total number of elements is approximately 573,000 and
1,719,000 degrees of freedom (DOF).

a)

b)
Fig. 11. Meshed assembly for the isotropic and orthotropic models (a); with a close up of the
meshed miniplate and screws (b).

21

3.2.2. Density-Based Material Model Mesh
The density-based model required less effort to prepare prior to the simulation, due to it
being a fully solid body with no requirement to shell the model or adjust facet sizes. Therefore,
the mandibular model was sectioned in the proper location with the miniplate and screws
transferred to the appropriate orientation into the CT model assembly. The miniplate and screws
also had an average 0.25mm hex-dominant mesh, while the entire mandible geometry was
created with a tetrahedral mesh of an average 0.7mm size. Similar to the isotropic and
orthotropic assembly, an average element size of 0.15mm was applied to contact regions
between bone, screws, and miniplate, Fig. 12. The resulting assembly had a total of 2,122,110
elements and 6,366,330 DOF.
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a)

b)

Fig. 12. Meshed assembly for the density-based model (a); with a close up of the meshed
miniplate and screws (b).

3.3. Boundary Conditions and Loading
The miniplate and screws supporting the mandibular fracture should be strong enough to
minimize displacement across the fracture due to muscle and mastication forces. Muscle forces
corresponding to a right molar clench are listed in Table 6, [45]. These forces were scaled down
by 60% to more accurately portray post-surgical loading [22], [58]. Each muscle group was
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associated with a scale factor, depending on which side of the mandible the force was applied to,
and the unit vector directions. Locations of muscle forces and fixed supports were chosen based
on what was described in the literature [45]. While the muscle origins are identical on both sides
of the mandible, their respective force vectors for the left side are asymmetrical to those on the
right side across the YZ-plane, which is the vertical plane of symmetry of the mandible. A view
of the muscle force origins can be seen in Fig. 13. These muscles are labeled A through E.
The superior region of the condyles, which would be in contact with the
Temporomandibular joint, was chosen as the fixed support [22], [35], [59]. In addition, the
rightmost molar was restrained in the vertical direction, simulating a clench at this location in
response to the applied muscle forces [32], [45].

Muscle

Reduced
Force, [ ]

Muscle Force Factor
Right
Left
(Working (Balancing
Side)
Side)

Force Unit Vectors
(Right Side)
X
Y
Z

[A] Superficial
masseter
114.24
0.72
0.6
-0.207 +0.885
[B] Deep
masseter
48.96
0.72
0.6
-0.546 +0.758
[C] Medial
pterygoid
104.88
0.84
0.6
+0.486 +0.791
[D] Lateral
pterygoid
40.14
0.3
0.65
+0.63
-0.174
[E] Anterior
temporalis
94.8
0.73
0.58
-0.149 +0.988
Table 6. Muscle forces, scale factors, and Unit Vector directions.
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+0.419
-0.358
+0.372
+0.757
+0.044

a)

b)
Fig. 13. Front (a) and back (b) view depicting muscle forces [A-E], the vertical fixture [F], and
the fixed support [G] on the right side of the mandible. All muscle load vectors and condyle
boundary conditions are symmetric across the medial plane. Magnitude of the muscle forces on
both sides are listed in Table 6. Support [F] is exclusive to the right side of the mandible.
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To enhance the accuracy of the model, tightening of the screws was considered for the
finite element analysis. This tightening induced tensile stresses in the screws and compressive
stress within the mandible and the miniplate. The tightening force was chosen to correspond to
90% of mandibular bone’s compressive strength of 170 MPa [60]:
= 0.9 ∙

where

is the tightening load [ ],

strength [

(3)

∙

is tensile stress area [1.38

], and

is compressive

].

This load was represented using the corresponding displacement, :
(4)

=

where

is the engaged length of the screw and

is the modulus of elasticity.

All simulations were completed over seven steps. The first four steps of the simulation
were a ramped displacement of the bolt pretension, determined by Eq. 4, simulating the surgeon
tightening the driven screws into the mandible. The remaining three steps of the simulation were
comprised of the muscle forces. The bolt pretension remained constant for these last three steps.
To account for the interaction between the various parts of the model, contact definitions
between these parts should be defined. A frictional contact was used to describe interaction of
the mandible and the titanium plate and screws with a coefficient of friction of 0.3 [19], [61].
Similarly, bone-to-bone contact was modeled as frictional, with a coefficient of friction of 0.4,
[62]. All other contacts between the plate and screws were considered bonded.
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3.4. Comparison of the Three Mandibular Material Models
All simulations were performed using the same machine. Hardware used to perform these
simulations is listed below:
x

Processor: Intel® Core™ i7-8700k @ 3.7GHz

x

Graphics Card: NVIDIA GeForce GTX 1080 Ti

x

Memory: 32 GB

x

Storage: Samsung SSD 970 EVO 1TB
Analysis of the time taken for the simulations to run is displayed in Table 7. While the

isotropic and orthotropic simulations had lower run-times from start to completion, this does not
consider the geometric adjustments needed prior to analysis. Because of this, it is fair to say that
the duration of analysis from geometric adjustments to extracting results could be on the same
order.

Analysis

Simulation
time [
]
Isotropic
195
Orthotropic
247
Density-based 372
Table 7. Simulation times for the three proposed models.

3.4.1. Comparison of the Mechanical Behavior for the Three Mandible Bone Material Models
To ensure that any forces were transmitted properly in the three finite element models,
the sum of the muscle forces were compared to the sum of reaction forces at the boundary
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conditions. It was found that the three models were fairly consistent. As Table 8 shows, the
difference between applied absolute value of the loads and reactions were minimal. The largest
absolute percent change can be seen in the x-direction, however this could be attributed to the
bolt pretension forces, as the direction of these forces is in line with the x-axis.

X[ ] Y[ ]
Z[ ]
Total [ ]
Sum of External
Forces
-4.78 417.97 130.56
437.91
Reaction Sum of FEA
Models (Condyles and
-0.70 -419.47 -123.98
460.93
Molar Clench)
Absolute Percent
Change (%)
85.42
0.36
5.04
5.26
Table 8. Sum of reaction forces compared to reaction forces extracted at the boundary condition
(B.C.) after the simulations [FEA-Based].

Several locations were selected as regions of interest to better compare the mechanical
response of the models. These ten regions can be seen in Fig. 14; Loc-1 is the right, superior
angle around the molar clench, Loc-2 is the right molar edge near the fracture, and Loc-3 through
6 are the screw holes regions, labelled from most posterior to anterior. Loc-7 through 9 are
reflections of Loc-1, 4, and 5, respectively. Loc-10 is the left mental tubercle, the site of the
highest global displacement. The letter following the location indicates which of the three
models the data came from (isotropic (i), orthotropic (o), density-based (d)).
Stresses taken at Loc-1 and Loc-2 for all models were on the same order. This can also be
seen in the reflection locations, where stress values did not exceed 10 MPa, highest near the left
angle. Stresses around the screw holes were much lower for the density-based model, having
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Von Mises stress values generally less than half those of the isotropic or orthotropic cases in this
region. This could be a result of the greater engagement between the screws and bone in the
density-based model versus the other two shell models. In all models, the stress at the screw
holes were all below the average value for mandibular cortical bone failure stress [63], [64].
The strain values not localized around the screw holes were all generally on the same
order as well. However, the density-based model had a significantly lower strain at all screw hole
locations, including the screw holes on either side of the fracture. Higher strains were observed
primarily in the isotropic and orthotropic models around the screw holes, only coming close to
the yield strain for cortical bone at Loc-4 for the orthotropic model [65].

Fig. 14. Mandible locations of interest.
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Von
Max.
Min.
Mises
Principal Principal
Von
Strain
Strain
Strain
Mises
[
/
[
/
[
/
Stress
[
]
]
]
]
Bone
Loc-1-i
28 2.53E-03 2.36E-03 -8.62E-04
Loc-1-o
38 2.58E-03 3.53E-03 -1.26E-03
Loc-1-d
50 2.51E-03 2.34E-03 -3.92E-04
Loc-2-i
27 1.99E-03 6.18E-04 -1.93E-03
Loc-2-o
28 2.04E-03 8.04E-04 -1.71E-03
Loc-2-d
42 1.78E-03 5.23E-04 -1.26E-03
Loc-3-i
86 6.36E-03 3.45E-03 -5.98E-03
Loc-3-o
101 7.22E-03 3.92E-03 -5.87E-03
Loc-3-d
49 3.85E-03 2.90E-03 -2.88E-03
Loc-4-i
83 6.17E-03 2.79E-03 -5.95E-03
Loc-4-o
88 7.24E-03 2.64E-03 -6.07E-03
Loc-4-d
44 3.48E-03 2.51E-03 -3.06E-03
Loc-5-i
60 4.33E-03 2.47E-03 -3.85E-03
Loc-5-o
65 5.18E-03 2.84E-03 -3.83E-03
Loc-5-d
39 3.83E-03 2.99E-03 -3.08E-03
Loc-6-i
65 4.83E-03 2.88E-03 -4.05E-03
Loc-6-o
66 5.07E-03 2.80E-03 -3.75E-03
Loc-6-d
37 3.97E-03 2.66E-03 -2.62E-03
Loc-7-i
8 5.57E-04 5.70E-04 -2.33E-04
Loc-7-o
9 6.06E-04 5.13E-04 -2.66E-04
Loc-7-d
6 1.75E-03 9.65E-04 -4.89E-04
Loc-8-i
2 2.05E-04 1.17E-04 -9.88E-05
Loc-8-o
3 2.65E-04 2.43E-04 -6.65E-05
Loc-8-d
1 8.28E-05 6.76E-05 -8.33E-05
Loc-9-i
2 2.53E-04 1.81E-04 -9.44E-05
Loc-9-o
4 2.38E-04 2.13E-04 -6.92E-05
Loc-9-d
2 6.80E-05 1.54E-04 -7.49E-05
Table 9. Von Mises Stress/Strain, and Maximum/Minimum Principal Strains for the three
proposed models (isotropic (i), orthotropic (o), density-based (d)) at various bone locations.

The relative displacement at the fracture can be a crucial measure of the effectiveness of
the fixation method. The figure below includes the relative vertical displacement, averaged at
three regions of the mandible about the location of the fracture: Fig. 15(b) and (c) depict the
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locations from which the values were taken: lateral medial, and inferior. The numbers were
obtained by monitoring three pairs of locations on either side of the fracture for each region. The
three relative displacement values were then averaged to obtain displacement for the given
model. Among the three models, the density-based model experienced the smallest global and
relative fracture displacement, with the isotropic and orthotropic models having similar values.
Global displacement for all models can be seen in Fig. 16, centered at Loc-10. Among
these cases, the isotropic model had the highest global displacement, about 2% higher than the
orthotropic and density-based models, localized along the left inferior ridge just before the
mental tubercle. The relative fracture displacement for the mandible models yielded similar
trends, only the orthotropic model had the highest displacement, being about 23.3% higher than
that of the density-based model. In either case, the isotropic and orthotropic models had
comparable displacement, while the density-based model had both a moderately lower global
and relative fracture displacement. The results may be attributed to the different elastic moduli to
the difference in displacement since the elastic modulus for the isotropic and orthotropic models
was overall higher than the mean value for the density-based model. This resulted in a stiffer
shell for the isotropic and orthotropic, despite both these models being hollow. The hollow
interior created a reduction in the cross-sectional area of these models, possibly contributing to
the higher displacement.
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a)

b)

c)
Fig. 15. View of density-based mandible (a) with boxes depicting where the displacement values
were taken from. A superior (b) and inferior (c) views of the right side of the mandible are
shown.
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Fig. 16. Bar graph of global displacement (left) compared to average displacement at the fracture
(right).

3.4.2. Miniplate and Screw Comparison
In all simulations, the miniplate never experienced stresses exceeding the yield strength
of Ti-6Al-4V. The highest stress value for all models was located on the posterior inner surface
of the screw hole associated with Loc-5, Fig. 17. Plate-2 was another high stress region across
the three models, located at the most anterior top fillet on the bar of the miniplate. The stresses
for the density-based model were an average 20% higher at location Plate-1 than in the other
models, however all stress values were comparable. For location Plate-2, the density-based
model also had stresses on the same order, being slightly lower than the orthotropic case. Nodal
stresses were taken at nodes surrounding high stress regions and averaged to better assess the
stress at the region of stress singularity, better seen in Fig. 19.
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Fig. 17. View showing high-stress locations on the miniplate for the three material models.

Fig. 18. View of high stress fillet on density-based model.
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Fig. 19. Stress values at nodes surrounding the high stress region on the linear plate.

Like the miniplate, none of the stress values exceeded that of the yield stress of the
titanium alloy used for analysis. In the isotropic, and orthotropic models, the screws only had an
engaged length of 2.5mm, the shell thickness of these two models. In the case of the densitybased model, the majority of the shank was in contact with the bone, averaging about 3.66mm of
engagement. This change in geometry could factor into the larger variance in Von Mises stress,
given that the density-based model more consistently had higher stresses than that of the other
models. Stress shielding could also be a factor in the case of the plate, [8], [66], given the
stiffness of the plate by comparison to that of the bone. Stresses in the plate and screws for the
density-based model were higher, while the bone stresses in this general location were lower
than the other two models.
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Fig. 20. Bar graph comparing Von Mises stress of at the screws and plate for all three models.

3.5. Discussion
The proper assignment of material properties to mandibular FE models is still under
active research, due to the inherent inhomogeneous and anisotropic nature of bone tissue. An
orthotropic approach will yield an overall more appropriate result, despite increasing
computational effort. However, the density-based model also provided insight into the loaddistributing capacity of the cancellous bone. The isotropic and orthotropic models were shelled,
assuming the cancellous bone did not have significant impact on the results. The density-based
model had overall higher Von Mises stress near the condyles, however these are unrealistic to
consider due to the proximity to the boundary conditions. That said, this model had far lower
stresses in the screw hole locations among all models, often times half that of its isotropic or
orthotropic counterparts. Aberrations in the stress distribution also appeared to not exist, given
the consistency between the reflection location stresses. Stress values for the density-based
model remained consistent, lacking any significant stress risers or abnormalities around the
boundary conditions.
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The density-based model experienced 2% lower global displacement than that of the
isotropic and orthotropic models, located at the left, mental tubercle. Similarly, the density-based
model had the smallest average displacement at the fracture site, about a 30% decrease. It should
be noted that these values are all on the same order, despite the percentage decrease.
With respect to the miniplate and screws, both experienced the same circumstances: the
isotropic and orthotropic models had overall lower stress risers than the density-based model.
This, however, could be a result of the cortical bone shell absorbing more of the stress from the
forces present. The presence of a uniform mandible in the density-based model allowed for stress
to be more evenly distributed to all components, including the miniplate and screws, resulting in
higher stress values. Stress risers will often gravitate towards stiffer material, which could also
explain why stresses were occasionally higher in the plate for the density-based model, given this
model was not as stiff as the two shelled models. Additionally, the engagements of the screws
between the density-based and the other models were distinctly different, due to the lack of
cancellous bone in the latter models. However, none of the stress maximums in any of the
models surpassed the yield stress of Ti-6Al-4V, Table 1.
It is also crucial to address limitations involved in this comparison. A single mandible
produced from the CT scan was utilized in these simulations. Additional mandible geometries to
test could have led to other results not explored in this analysis. Here, a right molar clenching
condition was applied, however many other mastication conditions could have been applied
instead of what was chosen, such as external loading or different plating locations.
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CHAPTER 4
V-PLATE ASSESSMENT
4.1. Original V-Plate Design
The original V-Plate design can be seen below in Fig. 21. The overall profile of the plate
could fit within a 20.85x14.2mm rectangle (WxL), with arm lengths of 12.7mm from center to
center and thickness of 0.254mm. The angle of the arms was 60°, reinforcing the wide profile to
the plate. The plate would be applied with the groove closer to the bone, such that the screw hole
recesses would be facing outward from the mandible. A 0.78mm diameter groove was created to
support a 24 gauge stainless steel wire, typically having a diameter of 0.51mm. The thicker
regions of the plate were 1.45mm, located at the base and screw holes at the ends of the arms.
Screw holes with a hole depth of 1mm and 4mm diameter were added to ensure monocortical
screws could be recessed or flush with the plate to prevent excess protrusion of the screw head.
The holes themselves could support screws with a shank diameter of 2.35mm. A detailed
drawing for this design can be seen in Drawing A 1 in the Appendix.
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a)

b)
Fig. 21. Front (a) and back (b) view of original V-Plate patent design.
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4.2. Modified Design Overview
Since the original design, many adjustments have occurred resulting in a more refined
design. A main motivation for these changes is the availability of 3D metal printing, which
allows for the creation of various designs to fit each individual procedure. The adjustments made
with the reasoning for the changes are listed below:
x

The angle between the two arms was reduced from 60° to 25° to accommodate a thinner
profile with less potential interference with the roots of the teeth. The resulting plate is
now longer than it is wide, fitting into a 16.51x21.06mm rectangle

x

The arms from the center to center were 23.5mm in length, which allowed for greater
reach. Arm length can be changed depending on the nature and location of the fracture.

x

The orientation of the plate was flipped such that the groove would face away from the
mandible. This was done to make it easier for the surgeon to wrap the stainless steel wire
around the plate groove.

x

The diameter of the wire groove was also shrunk from 0.78mm to 0.51mm to
appropriately fit the 24 gauge wire typically used.

x

The thickness of the arms was increased to 0.75mm to give the plate further rigidity,
while not being as thick as the standard 1mm linear plates used in typical fixation
scenarios.

x

The thicker parts of the plate located at the base and the ends of the arms were increased
from 1.45mm to 1.5mm to support and hide the screws, and to better match standard plate
sizes.

x

Screw holes were recessed to better accommodate the conical monocortical screw heads.
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x

Screw holes were reduced in size to accept standard 1.5mm shank diameter screws,
typically used in maxillofacial reconstruction surgeries.

x

Fillets of radius 0.1mm or 0.15mm were added around all edges to better eliminate
potential stress risers.
Images of the new proposed design can be seen in Fig. 22. A detailed engineering

drawing for this modified design can be seen in Drawing A 2 in the Appendix.

a)

b)

Fig. 22. Front (a) and back (b) view of modified V-Plate patent design.

4.3. Finite Element Analysis
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Both the geometry and the material model of the mandible was unchanged from what was
utilized in the material model comparison in Chapter 2.

4.3.1. Meshing and Contacts
The mesh of the mandible with V-Plate applied had minor changed compared to the
density-based model with linear plate applied. The meshing parameters regarding average
element edge size and the meshing method used can be seen in the table below. The regions
surrounding the contacts between the screws, V-Plate and bone contained a denser mesh to gain
better resolution of around the screw holes. The assembly had a total of 738,075 elements and
2,214,225 DOF.

Meshing region

Element
Size
[
]
1.3
0.15

Mesh method

Mandible bone
Tetrahedral
Bone surrounding
Tetrahedral
screw holes
Plate
0.25
Hex Dominant
Plate fillets
0.08
Hex Dominant
Wire Groove
0.1
Hex Dominant
Screws
0.275
Hex Dominant
Table 10. Meshing parameters for V-Plate assembly.
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a)

b)
Fig. 23. Meshed assembly for the V-Plate assembly (a); with a close up of the meshed miniplate
and screws (b).
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4.3.2. Boundary Conditions and Loading
Like the material model comparison, a unilateral right molar clench simulation was
performed. Post-surgical muscle forces seen in Table 6 were used with identical origin of the
forces. The origin of the muscle forces for the right side of the mandible are seen in Fig. 24
below.
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a)

b)
Fig. 24. Front (a) and back (b) view depicting muscle forces [B-F], the vertical fixture [G], and
the fixed support [A] on the right side of the mandible. All muscle load vectors and condyle
boundary conditions are symmetric across the medial plane. Magnitude of the muscle forces on
both sides are listed in Table 6. Support [G] is exclusive to the right side of the mandible.

45

To simulate the reduction of the fracture, stainless-steel wire would be wrapped around
the V-Plate and the fourth screw between the plate arms. Neglecting friction between the wire to
the plate and screws, the tensile stress in the plastic region can be represented as:
+

=

where

is the overall stress,

∙

−

is the yield strength,

the strain required to close the fracture gap, and

(5)

is the tangent modulus at yield,

is

is the yield strain of stainless steel. The strain

could be represented as a function of the unsupported length of the wire from the fourth screw to
the plate, , the fracture displacement, Δ, and the angle of the wire, , from the horizontal to the
groove of the plate:

=

Δ

(6)

( )

∙

Since a stress is a force over an area, this formula can be re-arranged to solve for the
force in terms of the stress, . Additionally, since both sides of the wire are sharing the load, the
value of the force must be cut in half. Thus, the force for each vector could be determined by the
following equation:

=

2

+

∙

Δ
( )

−

(7)

Stainless-steel 316 properties [67]–[69] were used for the wire, presented below in Table
11. Given the equation above, a tightening force, , could be obtained with respect to a fracture
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displacement, Δ. A view of these force vectors directed at one another can be seen in Fig. 25. A
displacement of 1mm was chosen, correlating to a wire force of 36.284N, Table 12.

Wire CrossUnsupported Yield
Yield
angle, Sectional wire length, Strength,
Strain,
[
] [
[°] wire area, L [
]
/
]
A[
]
6
0.2043
13.724
240
0.0012
Table 11. Properties of stainless-steel 316 used.

Tangent
Modulus,
[
]
1,600

Fracture
Tightening
displacement,
force,
Δ[
]
[ ]
0
24.311
0.5
30.298
1
36.284
1.5
42.271
2
48.257
2.5
54.244
3
60.230
Table 12. Values generated from in-house MATLAB® code based upon Eq. 7.
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Fig. 25. View of wire force vectors.

4.4. V-Plate Results
4.4.1. Bone Results
When compared to the density-based model, the V-Plate simulation had a quicker runtime of 285 minutes, compared to the 372 minute runtime of the density-based model. Like
before, a force summation comparison was performed in order to assess the transmission of
forces. Reaction forces depicted negligible absolute percent change, seen in Table 13 below.

X[ ] Y[ ]
Z[ ]
Total [ ]
-4.78 417.97 130.56
437.91

Sum of External Forces
Reaction Sum of FEA
Models (Condyles and
Molar Clench)
4.78 -417.96 -130.56
463.35
Absolute Percent
Change (%)
0 0.00184
0
5.81
Table 13. Sum of reaction forces compared to reaction forces extracted at the boundary condition
(B.C.) after the V-Plate simulation [FEA-Based].
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Like the material model comparison, locations of interest, Fig. 26, were chosen in order
to gain a better understanding of the mechanical behavior following the surgical procedure. Loc1 is the right, superior angle around the molar clench, Loc-2 is the superior right molar edge near
the fracture, and Loc-3 through 6 are the screw holes regions. Loc-7 and 8 are reflections of Loc1 and 6, respectively. Loc-9 is the left mental tubercle, the site of the highest global
displacement, similar to the material model comparison.

Fig. 26. V-plate assembly locations of interest.
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Von
Max.
Min.
Mises
Principal Principal
Von
Strain
Strain
Mises Strain
/
[
/
[
/
Stress [
[
]
Bone
]
]
]
Loc-1
2 1.90E-03 1.78E-03 -3.85E-04
Loc-2
3 1.92E-03 6.29E-04 -2.25E-03
Loc-3
41 3.61E-03 2.93E-03 -3.27E-03
Loc-4
91 6.60E-03 4.64E-03 -6.30E-03
Loc-5
27 6.16E-03 5.96E-03 -5.78E-03
Loc-6
21 1.35E-02 6.25E-03 -1.34E-02
Loc-7
1 6.89E-04 6.87E-04 -1.93E-04
Loc-8
<1 1.93E-04 2.11E-04 -7.67E-05
Table 14. Von Mises Stress/Strain, and Maximum/Minimum Principal Strains for the V-Plate
model at various bone locations.

Similar to the density-based comparison, stress values at locations remote to the fracture
were all low. Stresses at the top and bottom screw holes, Loc-3 & 5, were also on the same order,
being quite small. This is in contrast to stresses present at Loc-4, which was higher, more akin to
stresses seen in the isotropic and orthotropic models. This increase in stress is likely attributed to
the tensioning force of the wire as it is enacted to reduce the fracture. Strain values were also
below yield, however close to yield at Loc-4 & 5. This is likely due to the wire tensioning force,
in addition to the muscle forces, putting more strain on the edge of the bone holes compared to
other locations. Similarly, the absolute value of minimum principal strain exceeded the
maximum principal strain for Loc-2, through 4 and Loc-6, many of which being screw hole
locations.
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4.4.2. Displacement Comparison
Displacement seen in the V-Plate was higher in both the global and relative displacement
of the fracture. Fracture displacement was 23% higher in the V-Plate, while global displacement
was 22% higher. This can likely be attributed to the thinner arms of the V-Plate when compared
to that of the linear plate seen in the material model comparison. The V-Plate arms were 0.75mm
in thickness, compared to the 1mm thickness of the overall linear plate.

Fig. 27. Bar graph comparing the global displacement (left) and relative fracture displacement
(right) for the linear plate and the V-Plate.

4.4.3. V-Plate and Screw Results
Stresses in the plate and screws did not exceed yield of the yield strength of Ti-6Al-4V.
The linear plate and V-Plate were easier to compare considering the screws were in different
locations and subjected to different stresses by virtue of their different designs. As such, the
highest stress regions for both the screws and the plates were assessed, seen in Fig. 28. To better
ensure the values extracted were realistic and not a product of stress singularities, nodes
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immediately surrounding the highest stress region were selected and averaged. Stresses between
these two plates were fairly comparable, with the V-Plate having an overall lower stress
distribution than that of the linear plate. The stress distributions of these two plates can be seen in
Fig. 29 and Fig. 30, with the V-Plate having more evenly dispersed stresses. Stresses when
comparing the screws were more apparent, the base screw of the V-Plate having a stress value
90% higher than that of the highest stress screw of the linear plate. Like the linear plate, nodal
stresses for the V-Plate were taken at surrounding nodes and averaged to better assess potential
stress singularities, seen in Fig. 31.
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Fig. 28. Bar graph comparing highest Von Mises stress among the screws and plates for the
linear plate and the V-Plate models.

a)

b)
Fig. 29. Front (a) and back (b) stress distribution of linear plate.
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a)

b)

Fig. 30. Front (a) and back (b) stress distribution of V-Plate.

Fig. 31. Stress values at nodes surrounding the high stress region on the V-Plate.
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a)

b)
Fig. 32. View of stress riser on base screw fillet (a) with cross sectional view showing the
distribution surrounding the high stress location (b).
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4.5. V-Plate Discussion
Stresses centralized around the screw holes were all reasonable and below the
compressive yield strength for bone, even when analyzing high stress locations such as Loc-4.
This higher stress was likely derived from wire tensioning force required to keep the bone
fragments together as part of the fracture reduction process. Similarly, Von Mises strain did not
surpass yield [65], not even at high strain areas such as the wire tensioning screws. The
maximum and minimum principal strains experienced slightly different trends to the Von Mises
strain, having higher strain magnitudes at the locations with significant compression.
Displacement with respect to usage of the linear plate was lower in both the relative
fracture displacement and global displacement of the mandible. The V-Plate saw a 23% and 22%
increase in the case of the relative fracture displacement and the global displacement,
respectively. However, this could be explained by the geometry of the V-Plate Compared to the
linear plate, the arms of the V-Plate were 0.25mm thinner than its counterpart. This reduction in
arm thickness led to a less rigid plate, allowing for more movement of the mandible.
For the V-Plate and screws, stresses were comparable to that of the linear plate. Stresses
never exceeded the yield strength for Ti-6Al-4V, even having a slightly lower maximum stress in
some regions, such as around the screw holes or on fillets. Screw stresses were less uniform,
occasionally being comparable and sometimes being higher. The screw at the base of the V-Plate
exhibited a relative exorbitantly high stress value, though still below yield, seen in Fig. 32. Stress
risers at this location resonated outward a minute amount, leading to the hypothesis that this is
possibly an anomaly. Regardless, stresses are still acceptable even for this stress concentration,
given the yield of Ti-6Al-4V.
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Similar to the material model comparison, assessing the limitations of any analysis is
crucial. A single mandible, the same derived from the CT scan, was utilized, rather than
additional geometries. In addition to this, surgical procedures involving maxillofacial trauma
often have a slew of fixation plates to choose from that can be used in tandem with one another.
Here, a single V-Plate was used, with no additional fixation. Further boundary conditions and
loading options could have been used to test the limits of the modified V-Plate design more
extensively. Though a fairly fine mesh was used, stress risers around the screw holes were still
reasonably prevalent; further refinement of the mesh could have alleviated this issue, at the cost
of computational intensity. While ANSYS has inherent control over the penetration of
geometries against one another, further manual adjustment of the penetration could have been
applied.
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CHAPTER 5
CONCLUSIONS
5.1 Material Model Conclusion
Due to the limited research in the area of characterizing the material characteristics of
mandibular bones, many researchers opted to develop finite element models of the mandible
using a cortical shell based on an average thickness value. Isotropic or orthotropic models were
typically used. These models also offer some reduction of computational time, which may be
considered to balance the time required to develop the shell models. Advances in CT scans
provide access to accurate geometric modeling of the mandible, by product of the point cloud
generated, along with HU associated with each point. Since HU can be related to density and
Elastic Modulus, we finally have the means to develop a more accurate, patient-specific model,
without the need to spend time developing the mandibular geometry shell. This is a significant
benefit, considering the variability associated with the actual cortical thickness throughout the
mandible. Additionally, a patient-specific model required no distinction between cortical and
cancellous bone, given the generation of the material model accounted for this variation in elastic
modulus at every point. Regardless of the longer simulation time, the density-based model
required less preparation prior to analysis, having an impact on the overall efficiency of the
analysis.
A comparison of the three finite element models (isotropic shell, orthotropic shell, and
density-based) was performed. A standard linear miniplate and screws makes for an ideal control
to compare these models. It is worth noting that while the density-based model was less stiff than
the two other models, both global and relative displacement values among the three models were
of the same order; displacements were slightly lower in the case of the density-based model.
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Bone stresses around the screws were lower in the density-based model, often being half that of
the isotropic and orthotropic cases.
Future validation of the model could also provide insight as to the veracity of this
comparison. While a single CT scan was utilized, performing analysis on several geometries
built from several point clouds from patients of various ages and gender could illuminate
qualitative trends to simulate mandibular fixation more effectively.
Despite having higher stress concentrations in the plate and screws for the density-based
model, they were still manageable, and would not be susceptible to failure based on the assumed
conditions. The density-based simulation, while comparable to the orthotropic, had fewer
necessary preparation requirements, while still having more manageable stress risers in the
mandibular bone. The results presented in this paper demonstrate that the inhomogeneity
character of the mandible is more influential on mechanical response than its orthotropic
properties. Overall, the density-based was the most promising model on which to perform the
simulation, while still generating appropriate and reasonable patient-specific results.

5.2 V-Plate Conclusion
The exploration of new plating designs in the field of maxillofacial reconstruction is
ever-growing as technology advances. The ability to design patient-specific modeling and adapt
said plates to a given patient is also a factor that is gradually being integrated into common
surgical practice. While the V-Plate did not have the same level of rigidity that the standard
smaller linear plates tend to have, it still had comparable levels of fixation. Patients are expected
to eat soft foods immediately following surgery, meaning the chewing load due to muscle forces
would not have significant ramifications on the healing process, so long as caution is exercised.
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Stresses and strains were only intense on the bone during the fracture reduction process and were
not heavily exacerbated by the mastication loads. This could be seen by the stresses and strains
surrounding each screw hole, which all had very moderate values aside from the heightened
quantities at the base and middle screw holes.
It is very possible that the higher values seen are still resultant from anomalies in the
mesh or due to excess penetration of the geometries. In addition to this, maxillofacial trauma can
require multiple plates in order to fix complex trauma. Because of this, utilization of the V-Plate
in addition to other plating options, rather several linear plates could prove beneficial.
Despite the higher stresses in the screws, the V-Plate fared well, even having a more
reasonable stress distribution and more acceptable stress risers in some areas. While the V-Plate
did not exceed that of the linear plate in its results, it is still a viable method of fixation and
reduction that could prove beneficial in its unique design and potential. Fixation often requires
extra hands or several tools during the surgical procedure. The V-Plate accomplishes this by
virtue of its design alone, providing a significant benefit in the process of maxillofacial
reconstruction.
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APPENDIX A ENGINEERING DRAWINGS OF THE ORIGINAL AND NEW V-PLATES

Drawing A 1. Dimensioned drawing of the original V-Plate design.
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Drawing A 2. Dimensioned drawing of the modified V-Plate design.
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